Steel drive-in racks are susceptible to structural failure due to accidental impact by 2 operating forklift trucks. Under impact, the upright bends and the supported pallets may 3 drop through the rack to cause structural collapse if the bay opening exceeds the pallet 4 bearing width. This drop-through limit state has not been considered in the existing rack 5 design standards. This paper proposes a simple equation to calculate the equivalent static 6 impact force based on recent tests and finite element analysis of drive-in racks (Gilbert and 7
INTRODUCTION

12
A general introduction to drive-in steel racks is given in the companion paper (Gilbert 13 and Rasmussen, 2011). Drive-in racks are susceptible to structural failure due to accidental 14 impact by the operating forklift trucks. The impact forces the bay to open by pushing on 15 the upright. If the bowing of the impacted upright is sufficiently large, the pallets can drop 16 through as shown in Fig. 1 specified. The Australian Standard AS4084 (1993) specifies a design impact load equivalent 35 to the larger of the unit load/15 and 0.5 kN, applied at the most unfavorable location in 36 both cross-aisle and down-aisle directions. These guidelines are intended for use with selec-37 tive racks only. FEM 10.2.07 (2010) is a design guideline specifically for drive-in racks. It 38 specifies accidental loads of 1.25 kN in the down-aisle direction and 2.5 kN in the cross-aisle 39 direction. The impact force is applied up to 0.4 m above the floor, and should not cause 40 permanent structural damage to the rack.
41
The code-specified design impact forces are empirical in nature. A single constant impact 42 force is inconsistent from a uniform reliability viewpoint. Moreover, the drop-through limit 43 state has not been considered explicitly in the existing design standards. The companion 44 paper (Gilbert and Rasmussen, 2011) describes static experimental tests and the development 45 of a finite element (FE) model for determining the behavior of drive-in steel storage racks. 46 Further details are given in Gilbert and Rasmussen (2009a,b) . This paper presents the 47 development of a reliability-based checking procedure for the drop-through limit state.
48
STRUCTURAL RESPONSE UNDER IMPACT
49
Experimental tests
50
A limited number of investigations have been conducted for steel storage racks under 51 forklift truck impact. McConnel and Kelly (1983) investigated the progressive collapse of 52 selective racks by notionally removing the bottom of an upright as a basis of damage assess-53 ment. The paper focuses on the nature of the collapse (confined or progressive) but not on 54 the impact itself: the impact was simply assumed to be strong enough to remove the lowest 55 section of one of the rack uprights. A similar "notional element removal" method was used 56 by Bajoria (1986) to study the progressive collapse of selective racks. Ng et al. (2008) inves-57 tigated the dynamic behavior of selective racks during and after impact. The impact force 58 was evaluated using the momentum conservation principle. It was found that the maximum 59 load that can be carried by a selective rack subjected to an impact can be predicted by a 60 non-linear quasi-static pushover analysis. The scopes of these works, however, are limited to 61 selective racks only, thus not applicable to drive-in racks. A loaded forklift truck was used to strike the rack as shown in Fig. 3 . In the tests, the 
75
Figs. 5 and 6 plot the recorded LVDT displacements and bay opening against time from 76 a typical experimental test with a 1175 kg forklift truck load. Other tests showed similar 77 results. The structural response can be divided into four phases. In the first phase, the 78 upright being impacted experiences increasing lateral displacement. Other members of the 79 rack, however, essentially stay stationary. In the second phase the displacement at the 80 impact point continues to increase and reaches its peak. The bay opening, however, tends 81 to reduce because the adjacent uprights start to move in the same direction. At the end 82 of the second phase, the forklift truck and the rack lose contact. In the third and fourth 83 Full details of the dynamic analysis can be found elsewhere (Gilbert et al., 2009 ).
101
Parametric studies were performed using the dynamic FE model to investigate the effect 102 on the bay opening of changing rack loading pattern, friction coefficient between the rail 103 beams and the pallets, and impact location. Three loading patterns were investigated, 104
namely "single pallet load", "partially loaded" and "fully loaded". In the presence of friction 105 between the rail beams and the pallets and the consequential horizontal bracing effect of the 106 pallets, it was found that more pallet loads generally result in higher impact forces but 107 smaller bay openings. When friction is ignored as currently practiced in industry, the single 108 pallet loading pattern results in the smallest rotational stiffness of the base plate, thus the 109 largest bay opening. Therefore, whether or not to include the effect of the friction, the least 110 favorable loading pattern is the single pallet loading, i.e., a single pallet located at the front 111 of the rack. It was also found that impact at the first or second rail beam elevation tends to 112 be more critical than those at higher elevations. When the impact occurs there will be no 113 pallet located at the impact point, since otherwise the forklift cannot access that particular 114 elevation. It is the pallets directly above or below the impact point that drop through (see 115 
where F = impact force, α = angle of truck rotation as defined in Fig. 8 , and L = vertical 139 distance from the bottom hinge of the mast of the forklift truck to the impact point. The 140 two terms k 1 and k 2 are defined as 
Limit state function 157
Consider a pallet in a typical drive-in rack as illustrated in Fig. 10a . It can be seen that 158 one has
The pallet will drop through if δ 1 ≤ 0. Then, dropping the subscript "1" for simplicity, the 167 system limit state function g can be defined as
to the ordinary serviceability limit state which is usually checked under unfactored loads,
172
the consequence of the drop-through failure may be catastrophic, thus the limit state has 173 the same nature as an ultimate limit state. Therefore, an impact load factor γ (greater than 174 1) is introduced in the proposed design check. The proposed conformance check takes the
in which γ∆ n represents the bay opening calculated with factored, design impact load and 177 nominal structural properties, and δ a is a (deterministic) allowable bay opening. The purpose
178
of the load factor γ is to take into account the uncertainties in the impact force, structural
179
properties and models used in structural analysis, and to achieve a desired target of structural 180 reliability. The determination of γ will be discussed later in this paper.
181
Conditional limit state probability
182
The probability of structural failure developing from an accidental impact event can be 183 written as (Ellingwood, 2007)
in which P f = probability of structural failure, I = event of accidental impact, P (I) = 185 probability of impact, and P (g ≤ 0|I) = probability of structural failure (i.e., g ≤ 0) given 186 that the impact occurs. P (g ≤ 0|I) is a conditional probability, inasmuch as it is based on 187 the occurrence of an impact event.
188
The risk of structural failure can be mitigated by strategies to reduce the incidence of paper. From a structural design point of view, the focus is on controlling the conditional 195 failure probability P (g ≤ 0|I), that is, to compensate for impact in structural design.
196
Reliability target
197
Probabilistic limit state design is based on a target reliability (or acceptable probability 198 of failure) as a quantitative measure of structural safety (Melchers, 1999; Ellingwood, 2001 ). 199
Structures are deemed safe if the probability of failure, which is obtained through considering 200 uncertainties in loads, structural capacities and analysis models, is below an acceptable risk 201
level. The reliability is customarily expressed by the notion of a reliability index, β. The 202 conditional failure probability relates the conditional reliability index β through the equation 203
in which Φ(·) is the standard normal distribution function. From Eqs. (9) and (10), it follows 204
In the current probability-based design specifications for steel structures (e. practice. Since drive-in rack structures are not designed for impact event in current practice, 210 the use of code calibration to quantify an appropriate reliability target is not possible in this 211 study. For a steel drive-in rack, the structural members are generally designed at the code 212 limit, and the system effect (i.e., capacity of load redistribution) is insignificant. Therefore, 213 we assume that the acceptable failure probabilities for a racking system and a steel member 214 are comparable. The consequences of collapse of a storage rack, compared with buildings 215 and bridges, may be deemed as less severe by the public. Thus, the acceptable overall failure 216 probability, P f for rack structures is assumed to be 2.0 × 10
/yr, a value consistent with 217 that of a typical steel member. This target is for the overall failure probability, rather than 218 the conditional failure probability P (g ≤ 0|I).
219
The frequency of occurrence of impact needs to be estimated to calculate the conditional 220 failure probability from Eq. (11). Impact event may be modeled as occurring in time as a 
The probability of occurrence of (at least one) impact event during a period of time t is 225 given by
For small occurrence rate, P (I) ≈ νt. There are little statistical data to define ν. The simulation, thus fewer samples are required to cover the probability space (Stein, 1987) . The 258 sampled basic variables, along with a randomly generated value of model uncertainty, were 259 then used with Eq.
(1) to compute the impact force. After a sufficient number (500) of sim-260 ulations, the mean, mean-to-nominal ratio and COV for the impact force were determined.
261
This simulation procedure was repeated for a series of representative racks. It was found 262 that the mean-to-nominal value F m /F n is about unit, and the COV, V F is around 0.49. A
263
Beta distribution provides a good fit to the simulated impact forces. Clearly, the uncertainty 264 in α is the dominant contributor to the overall variability in the impact force.
265
Statistical properties of pallet bearing width
266
There is an apparent lack of statistical data for the pallet bearing width in the literature.
267
However, the bounds of the pallet bearing width can be readily obtained based on the is assumed in this study to be uniformly distributed between these two extreme values. The 273 assumption of uniform probability distribution is conservative because it possesses maximum 274 uncertainty.
275
The bay opening under the impact force can be calculated with sufficient accuracy by 277 using a first/second order elastic analysis. Since the second order effect is relatively insignif-278 icant when a rack structure is loaded with the single pallet loading configuration, the bay 279 opening and impact force can be assumed as linearly related, i.e.,
where f is the flexibility coefficient. The limit state function Eq. (7) thus can be expressed 281
If a rack is designed at the limit, one has
Using Eq. (16), (15) can be rewritten as
Eq. (17) implies that for a specified target reliability, the load factor γ is dependent on the 285 ratio of δ/δ a . In the present study, the allowable bay opening δ a is taken to be the design 286 minimum pallet bearing width specified by the manufacturer, i.e.,
Thus, the term δ/δ a is a uniform distribution with a lower bound of 1 and an upper bound 288 of δ n,max /δ n,min . Three representative values, δ n,max /δ n,min = 1.5, 2.0 and 2.5 are considered 289 in determining the impact load factor.
290
The variability in structural flexibility f for a steel rigid frame under wind load has been 291 studied by Galambos and Ellingwood (1986) . The mean-to-nominal ratio f m /f n was found and V f = 0.08.
296
With known statistics for δ, f and F , the load factor γ for a prescribed conditional 297 reliability index β can be evaluated using standard reliability analysis methods such as 298 the simulation method (Melchers, 1999) . As discussed earlier in the paper, an appropriate 299 target value for the overall failure probability P f is estimated as 2.0 × 10
/yr. Under 300 this assumption, Table 2 presents P (I), P (g ≤ 0|I), conditional reliability index β, and the respectively. As can be expected, for a given target reliability index the required impact 304 load factor decreases as δ n,max /δ n,min increases. However, the difference is not significant and 305 the general trends are the same. This implies that the load factor γ is relatively insensitive 306 to δ n,max /δ n,min . The relationship between the load factor γ and impact incidence ν is also 307 graphically shown in Fig. 12 for the case where δ n,max /δ n,min is equivalent to 2.0. It can be 308 seen that the load factor increases as the impact occurrence rate ν increases. The curve, The proposed probability-based checking procedure can be summarized as follows: Values are based on a target risk P f = 2 × 10 
317
where k 1 and k 2 are given by Eqs. (2, 3) . The design impact load is obtained by 320 multiplying the nominal impact load F n by the load factor γ = 2.3. impact load exceeds the current design value. This comparison suggests that current design 334 impact load of 1.25 kN should not be used for checking the drop-through limit state. The 335
histogram for the nominal bay openings for the 100 sample racks under the design impact 336 loads is shown in Fig. 14 . In approximately 10% of the cases, the nominal bay opening 337 exceeds the limit of 40 mm and those racks need to be strengthened in order to satisfy the 338 safety check.
339
CONCLUSION
340
This paper has described the development of a reliability-based safety checking procedure 341
for steel drive-in racks under impact from forklift trucks. The limit state considered is the 342 drop-through failure, that is, the pallets fall from the rail beams due to excessive bowing of 343 the impacted upright. The safety check requires the bay opening not to exceed the minimum 344 pallet bearing width specified by the manufacturer. An impact load factor was developed 345 using structural reliability theory, taking into account the uncertainties in the impact force, 346
structural properties and models used in structural analysis. The variability in the forklift 347 truck body rotation is found to be the dominant contributor to the uncertainty in the impact 348
force. The target value of overall structural reliability for a rack structure is assumed to be 349 comparable to that of a typical steel member. 
